1. Introduction {#sec1}
===============

Tracheal stenosis in newborns and small infants often causes multiple complications and high mortality. With the features of undeveloped muscles and easily deformed walls, the postoperative airway tissue is difficult to heal for children \[[@bib1]\]. Regrettably, at present, there is no clinically dedicated stent for the tracheobronchial construction in children, and only stents following the trail of the experience in adult group can be used. And there is no need to place the stent in infant child for the lifetime. It\'s enough to provide a necessary support during the first 3--12 months, then a second surgery is required to allow the growth and development of the airway tissue \[[@bib1],[@bib2]\]. However, complications about insufficient mechanical properties and granulation tissue hyperplasia about undegradable intravascular stents are reported after implantation in children\'s airways \[[@bib2]\].

As experience, some biodegradable materials for airway stents have been studied. For example, biodegradable polydioxanone (PDS) self-expanding stents could maintain clinical improvement for 43 months in the airway of children \[[@bib3]\]. Especially, biodegradable metal such as magnesium, zinc and iron have been identified as the promising candidates for biodegradable medical device due to their superior biocompatibility and mechanical property. The magnesium and ion vascular stents have been stepping into clinical stage \[[@bib4],[@bib5]\]. A tracheal stent made by magnesium alloys persisted during the implantation in a rat tracheal model for 6 months \[[@bib6]\]. However, there are few studies in vitro that focus on comparing the performance of these biodegradable metal in tracheobronchial environment. It is necessary to systematically identify the different degradation and biocompatibility performance of biodegradable metal before their clinic application.

In this study, the degradation and biocompatibility behaviors of high purity magnesium, zinc and iron in airway environment were studied. The biodegradable metal was immersed in Gamble\'s solution (GS) simulating the respiratory fluid environment for 4 weeks, and SBF solution was as control. Particularly, three different cell culture methodologies were designed to mimic the environment around tracheobronchial stent in vivo closely. The in vitro degradation behavior and cytocompatibility were characterized, which may provide guidance for further application of high purity magnesium, zinc and iron as tracheobronchial stent.

2. Materials and methods {#sec2}
========================

High purity magnesium (HP-Mg; 99.99%), high purity zinc (HP-Zn; 99.999%), and pure iron(P-Fe; 99.9%)for microstructure characterization, electrochemical testing and in vitro cell culture were cut into disks ($\varnothing 10 \times 2\text{mm}$), polished by SiC abrasive paper up to 2000 grit.

GS and SBF solution were prepared by previous study \[[@bib7]\], and the solution composition was listed in [Table 1](#tbl1){ref-type="table"}. According to ASTM [F3268-18](astm:F3268){#intref0010}, [static](astm:static){#intref0015} immersion test was carried out in 37$\operatorname{{^\circ}C}$, and the ratio of solution volume to sample area was 20 mL/cm^2^. The pH value was recorded at each time point. At 7, 14, 21 and 28 days, the samples were collected from GS and SBF solution. The corrosion products were characterized by FTIR (Spotlight 200, PerkinElmer). Changes on surface morphologies were observed with SEM (Quanta 200FEG) coupled with EDS. After immersion for different time, the samples (n = 3) were immersed into 200 g/L CrO~3~ solution for about 10 min, and this process was repeated several times until removing all the corrosion products \[[@bib8]\]. Then the dry samples were weighed to calculate the corrosion rate. For electrochemical test, potentiodynamic polarization (PDP) curves were acquired by using a three-electrode cell configuration with a platinum plate as counter electrode and a saturated calomel electrode as reference electrode. The human lung adenocarcinoma type-II alveolar epithelial cells A549 were cultured in McCoy\'s 5A Media with 10% FBS under 37 °C. As shown in [Fig. 6](#fig6){ref-type="fig"}(a), three different methodologies of cell culture including direct culture (DC), indirect culture (IC) and extraction culture (EC) were prepared to simulate different growth environment of cells with the tracheobronchial stent in vivo by previous study \[[@bib9]\]. After 1, 3 and 5 days, Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Japan) was used to value the cell viability at a single wavelength of 450 nm with a microplate reader. At 48 h and 96 h, the cell morphology was evaluated with SEM or Laser Scanning Confocal Microscope (LSCM; A1R-si, Nikon). Additionally, an Inductively Coupled Plasma Optical Emission Spectroscope (ICP-OES, iCAP6300, Thermo) was used to determine the ion concentrations in the gathered extracts in EC culture medium.Table 1Composition and pH of simulated physiological media discussed in this study.Table 1ChemicalContent(g/L)GSSBFMgCl~2~0.0950.146NaCl6.0198.035KCl0.2980.225Na~2~HPO~4~0.126--K~2~HPO~4~·3H~2~O--0.231Na~2~SO~4~0.0630.072CaCl~2~0.2780.292CH~3~COONa0.574--NaHCO~3~2.6040.355C~6~H~5~Na~3~O~7~·2H~2~O0.097--Porcine stomach mucin0.6--Tris (HOCH~2~)~3~CNH~2~--6.118pH7.357.3--7.4

3. Results and discussion {#sec3}
=========================

[Fig. 1](#fig1){ref-type="fig"} summarized the electrochemical results obtained from the electrochemical tests in GS or SBF. By the PDP curves ([Fig. 1](#fig1){ref-type="fig"}(a) and (b)), for HP-Zn and P-Fe, no significant differences in statistical results of corrosion potential value and corrosion current density for samples immersed in GS and SBF. In contrast, higher cathodic corrosion potential value and lower corrosion current density ([Fig. 1](#fig1){ref-type="fig"}(c)) were observed for HP-Mg immersed in GS than in SBF, indicting the GS electrolyte solution had more moderate corrosion property for HP-Mg. Hence, it is vital to control the degradation rate of pure Mg and its alloys for safe biomedical deployments. Extensive effort including microstructural and surface modification strategies has been devoted to address the corrosion issue of Mg alloys \[[@bib10], [@bib11], [@bib12]\].Fig. 1Potentiodynamic polarization curves in (a) GS and (b) SBF; (c) Corrosion potential/current density of HP-Mg, HP-Zn and P-Fe.Fig. 1

The corrosion topography of the samples immersed for 2 weeks were observed by SEM, and shown in [Fig. 2](#fig2){ref-type="fig"}. On the 7 d, for samples immersed in GS, the most severe corrosion happened in HP-Mg ([Fig. 2](#fig2){ref-type="fig"}(a)A), which started at discrete sites, and expanded to cover the whole specimen on 14 d ([Fig. 2](#fig2){ref-type="fig"}(b)A). The corrosion of HP-Mg immersed in SBF even got worse with nearly complete corroded surface on 7 d ([Fig. 2](#fig2){ref-type="fig"}(a)B). Inversely, the corrosion area on HP-Zn and P-Fe was still at discrete sites even on 14 d in SBF ([Fig. 2](#fig2){ref-type="fig"}(b)D and [Fig. 2](#fig2){ref-type="fig"}(b)F). After 7-day-immersion period, the corrosion products on the samples surface were detected by EDS and FTIR ([Fig. 3](#fig3){ref-type="fig"}(a) and (b)). The FTIR results ([Fig. 3](#fig3){ref-type="fig"}(b)) showed that most of the corrosion products were carbonate and phosphate, which provided protective layer for samples immersed in both GS and SBF \[[@bib13], [@bib14], [@bib15]\]. However, for HP-Mg and HP-Zn immersed in GS, less phosphate products were detected compared with same samples immersed in SBF ([Fig. 3](#fig3){ref-type="fig"}(a)). It was determined that protein like porcine stomach mucin was co-precipitated with phosphate and had a strong negative effect on the precipitation of phosphates \[[@bib16]\]. And the calculated corrosion rates after 28-day immersion ([Fig. 3](#fig3){ref-type="fig"}(c)) in GS were only 0.78 mm/y, 0.034 mm/y and 0.102 mm/y for HP-Mg, HP-Zn and P-Fe, respectively, which were lower than SBF group (2.01 mm/y in HP-Mg, 0.102 mm/y in HP-Zn and 0.136 mm/y in P-Fe). As shown in [Table 2](#tbl2){ref-type="table"}, the concentration of chloride and bicarbonate in SBF was nearly 1.3 times and 7.3 times than that in GS, respectively. Additionally, protein with concentration of 0.6 g/L was added to GS. The difference in composition concentration between GS and SBF solution was the main reason for above results. By the reaction between bicarbonate and hydroxide and protein adsorption, the metal immersed in aqueous solution with the formation of insoluble protective layer show more tardy corrosion rate \[[@bib15],[@bib17]\]. However, the protective film on metal surface is easily broken down by the dissolved chloride salts and pitting corrosion was caused \[[@bib13]\]. Therefore, with lower concentration of chloride and higher concentration of bicarbonate and protein in GS, the corrosive effects caused by GS seem to be less serious than SBF. Overall, as for the degradation behaviors, compared with SBF, pH change in GS was less constant and stable ([Fig. 4](#fig4){ref-type="fig"}(a)--(c)). The different contents in buffer (HCO~3~^−^/CO~2~ in GS vs. Tris/HCl in SBF) were responsible for that. The pH buffers such as Tris or CO~2~ can influence the metal degradation which yield different degradation performance \[[@bib18]\]. GS showed poor buffering capacity in this study. The decreased pH value may be due to low CO~2~ concentration in GS solution since there lacked active pH control setup to feed gaseous CO~2~ into the testing medium. Schinhammer et al. \[[@bib18]\] designed a CO~2~-controller setup to feed gaseous CO~2~ into the testing solution and actively regulate the pH value, which kept the pH value in the range between 7.35 and 7.45.Fig. 2SEM image of corrosion surface on (a) 7 d and (b) 14 d.Fig. 2Fig. 3(a) Atomic percentage of corrosion products and (b) FTIR transmission spectra of the corrosion products after 7-day-immersion period; (c) Corrosion rate during 4-week-immersion period.Fig. 3Table 2The difference in composition concentration between GS and SBF solution.Table 2Chemical ComponentContentGSSBFCl^−^114.0 mM147.8 mMHCO~3~^−^30.8 mM4.2 mMProtein0.6 g/L--Fig. 4The pH of immersion solution change curves of (a) HP-Mg, (b) HP-Zn and (c) P-Fe in immersion period.Fig. 4

[Fig. 5](#fig5){ref-type="fig"} showed A549 cells behaviors under three different culture methodologies. When comparing with the same substrate, the DC and EC group showed much higher cell density than IC group at day 2 and day 4, where cells were in typical epithelioid and polygonal shapes, and displayed better adhesion. In DC and EC group, the difference in A549 cells density between HP-Mg and HP-Zn was not statistically significant at day 2 and day 4. But cell density in P-Fe showed an obvious reduction at day 4 in EC group. However, previous study \[[@bib19]\] revealed that Fe-based stents stimulated the proliferation of L929 and ECV304 cells. And the performance of P-Fe with A549 cells under EC situation needs further study. The cytotoxicity test ([Fig. 6](#fig6){ref-type="fig"}(b)) revealed that at day 1, P-Fe-IC had the strongest cytotoxicity compared with the negative group. The following 2 days witnessed an obvious increase for HP-Mg-EC and HP-Zn-EC. And at day 5, all the HP-Mg group, HP-Zn-DC and HP-Zn-IC ended with similar viability values with negative group. This might attribute to the difference among cell culture methodologies as more deposition of corrosion productions on substrates surface in DC group provided a protection layer. As for the difference between cell morphology ([Fig. 5](#fig5){ref-type="fig"}(j)) and cytotoxicity test results ([Fig. 6](#fig6){ref-type="fig"}(b)) for HP-Mg in DC group, the cells on the bottom of the culture plates may be the main reason to cause higher absorbance value. Additionally, ICP results ([Fig. 6](#fig6){ref-type="fig"}(c)) exhibited ions concentration in EC culture medium. 0.23 mM Zn^2+^ group and 6.03 mM Mg^2+^ group showed no obvious cytotoxicity on A549 cells, whereas, cytotoxicity of 1.52 mM Fe^2+^/Fe^3+^ group was visible. In summary, compared with P-Fe, HP-Mg and HP-Zn showed better cell adhesion and proliferation behaviors.Fig. 5SEM and fluorescence images of A549 under different cell culture conditions.Fig. 5Fig. 6(a) Illustrations of different cell culture methodologies: direct culture (DC), indirect culture (IC), and extraction culture (EC); (b) CCK-8 assay of A549 and (c) ion concentration in EC medium.Fig. 6

4. Conclusions {#sec4}
==============

The present study investigated the potential application of HP-Mg, HP-Zn and P-Fe as stents in tracheobronchial obstruction of children. Compared with samples immersed in SBF, samples immersed in GS showed much slower corrosion rate. Furthermore, in term of cell viability and cellular morphology, no obvious cytotoxicity was observed in the HP-Mg and HP-Zn groups, they showed better cell adhesion and proliferation behaviors when comparing to P-Fe. Consequently, HP-Mg and HP-Zn with proper corrosion rate and good biocompatibility shows a great potential for developing biodegradable tracheobronchial stents.
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